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AEIBSTUCT 

The primary py ro lys i s  vapors  generated by t h e  f a s t  p y r o l y s i s  of biomass a t  atmos- 
phe r i c  p re s su res  c o n s i s t  i n i t i a l l y  of low-molecular-weight compounds, bu t  which 
polymerize r ead i ly  upon condensation. P r i o r  t o  condensation, t h e s e  primary vapors 
have been found to  be ve ry  r e a c t i v e  wi th  ZSH-5 c a t a l y s t  t o  produce methyl benzenes 
b o i l i n g  in t he  g a s o l i n e  range. Ihis gaso l ine  is predicted to have ve ry  high 
blending octane numbers. By-products a r e  coke, carbon ox ides ,  wa te r ,  naph tha lenes ,  
e thy lene ,  propylene, and some phenols. ?he e f f e c t  of d i f f e r e n t  by-products on t h e  
t h e o r e t i c a l  gaso l ine  y i e l d  is examined. Prel iminary r e s u l t s ,  generated with a 
r e a c t o r  having a f ixed  bed of 100 g of c a t a l y s t ,  a r e  examined f o r  t h e  cont inuous 
feeding of never-condensed primary vapors and compared t o  feeding methanol in t h e  
same reac to r .  

I W l X  0 DUCT ION 

The conversion of biomass m a t e r i a l s  t o  high octane gaso l ine  has  been a c t i v e l y  
pursued for many years .  H i s t o r i c a l l y .  methanol was made in very  low y i e l d s  by t h e  
d e s t r u c t i v e  d i s t i l l a t i o n  of hardwoods. More r ecen t ly ,  t h e  manufacture of methanol 
has been by t h e  r e a c t i o n  of s y n t h e s i s  gas  over  c a t a l y s t s  a t  h igh  p res su res .  In 
theory,  any carbon source  can be used f o r  t h i s  c a t a l y t i c  gene ra t ion  of methanol,  but  
in p r a c t i c e ,  biomass has  not  been advantageous r e l a t i v e  t o  c o a l  or n a t u r a l  gas. 
Other approaches t o  making l i q u i d  f u e l  from biomass have involved t h e  fermentat ion 
of biomass t o  e thano l  i n  a r a t h e r  slow process .  which produces a s u b s t a n t i a l  amount 
of by-product s o l i d s  and l i q u i d  wastes.  I h e  conversion of biomass t o  a l coho l s  is 
t e c h n i c a l l y  f e a s i b l e ,  bu t  t h e  u t i l i z a t i o n  of t h e  a l coho l s  as t r a n s p o r t a t i o n  f u e l s  
w i l l  r e q u i r e  mod i f i ca t ions  t o  t h e  d i s t r i b u t i o n  systems and to t h e  i n d i v i d u a l  
automobiles.  'he  high-pressure l i q u e f a c t i o n  of biomass t o  oxygenated l i q u i d s  
followed by high-pressure c a t a l y t i c  hydrogenation to form hydrocarbons is one 
approach to convert  biomass t o  l i q u i d  f u e l s  (1). However, i n  t h e  l a s t  decade,  b b i l  
has  developed the  use of a z e o l i t e  c a t a l y s t  f o r  t h e  conversion of methanol t o  
gaso l ine  (2). lhis process  has  r e c e n t l y  been commercialized and is now in o p e r a t i o n  
in New Zealand ( 3 ) .  'he z e o l i t e  c a t a l y s t  used i n  t h e  Mobil process  is a medium pore 
z e o l i t e ,  which has  shape s e l e c t i v i t y  t o  r e s t r i c t  t h e  products  t o  methylated 
benzenes. i s o p a r a f f i n s ,  and o l e f i n s ,  wh i l e  prevent ing t h e  formation of coke 'in t h e  
c a t a l y s t  pores (4). ?his c a t a l y s t  is known as Z S M - 5 ,  and its commercial. use is 
c o n t r o l l e d  by M b i l .  

The r e a c t i v i t y  of h igh -molecu la rwe igh t  vegetable  oils with Z S M - 5  was reported in 
1979 (5) and. I n  f a c t ,  ZSM-5 c a t a l y s t  is very  r e a c t i v e  toward most small  oxggenated 
s p e c i e s  t o  convert  them t o  methylated benzenes and o t h e r  products  (6. 7). Although 
a l coho l s  appear t o  be some of t h e  b e s t  f eeds tocks  f o r  Z S M - 5  c a t a l y s i s  due t o  t h e i r  
low coking tendencies ,  t h e  petroleum i n d u s t r y  has  long made use of z e o l i t e  c a t a l y s t s  
f o r  t he  cracking o f  ve ry  heavy hydrocarbons t o  produce g a s o l i n e  and about  5 to 
15 weight percent  coke. l h i s  sugges t s  t h a t  t h e  formation of coke and the  need f o r  
f requent  c a t a l y s t  r egene ra t ion  w i l l  heav i ly  impact t h e  r e a c t o r  des ign ,  bu t  t h a t  
s i g n i f i c a n t  coke formation can be p a r t  of a v i a b l e  commercial process .  m e  t h r u s t  
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of t h i s  paper i s  to examine p o s s i b l e  s t o i c h i o m e t r i e s  and prel iminary experimental  
r e s u l t s  from using primary p y r o l y s i s  vapors made by t h e  f a s t  p y r o l y s i s  of sawdust a t  
atmospheric p re s su re  i n  a v o r t e x  r eac to r .  I h e  product ion of t hese  oxygenate vapors 
is  addressed i n  a companion paper (8). 

sToIcAIowpTRY 

Although t h e  hydrocarbon products  have an unusual feedstock independence. the 
chemistry involved wi th  d i f f e r e n t  f eeds tocks  over  t h e  ZSM-5 c a t a l y s t  v a r i e s  
considerably with t h e  f u n c t i o n a l i t y  of t h e  oxygen i n  t h e  feedstock.  As seen i n  
Table 1 .  t h e  hydroxy and methoxy groups i n  gene ra l  have a ve ry  s t r o n g  tendency to 
r e j e c t  oxygen i n  t h e  form o f  water ,  as seen f o r  t h e  c a s e  of methanol, dimethyl e t h e r  
(9 ) .  g lyce ro l  (10). and phenols  (11). Reject ion of t h e  oxyRen as carbon monoxide 
OCCUKS p r e f e r e n t i a l l y  to water  i n  a 4:l  r a t i o  with f u r f u r a l  ( 7 ,  10) .  Ihe reac t ion  
of n-butyl formate over  ZSM-5 produces equal  molar amounts of water  and carbon 
monoxide (9 ) .  Acetic  a c i d  r e a c t s  to produce acetone,  water ,  and carbon dioxide with 
only small  amounts of carbon monoxide. ?he r e a c t i o n  of acetone produces l a r g e l y  
water  a s  t h e  oxygen-containing by-product. I h e  a c e t a t e  group appears  to decompose 
i n  such a way a s  t o  r e j e c t  fou r  t imes as much oxygen as carbon d iox ide  than  a s  
carbon monoxide, bu t  w i th  over  50% of t h e  oxygen r e j e c t e d  i n  t h e  form of water  
(12) .  Glucose and s t a r c h  were r epor t ed  to r e j e c t  o x E e n  p r e f e r e n t i a l l y  as water  
r a t h e r  than as carbon monoxide i n  a 3-1/2 t o  1 r a t i o  wi th  very l i t t l e  formation of 
carbon dioxide.  Sucrose and xylose a l s o  produced v e r y  l i t t l e  carbon dioxide,  but 
favored t h e  formation of wa te r  over carbon monoxide by only 1-1/2 to 1 ( 7 ) .  perhaps 
due to  the formation of some f u r f u r a l  as p a r t  of t h e  in t e rmed ia t e s .  In summary, 
hydroxyl and methoxy groups tend to r e j e c t  oxygen i n  t h e  form of water ;  a r y l  e t h e r s  
r e j e c t  a nea r ly  equa l  amount o f  oxygen i n  water  and carbon monoxide; carbonyl and 
formate groups r e j e c t  oxygen l a r g e l y  a s  carbon monoxide, and carboxyl  groups r e j e c t  
oxygen mostly as carbon d iox ide  and water.  With t h e  model compounds l i s t e d  in 
Table 1, many of t h e s e  t r ends  may a l s o  be a func t ion  of r e a c t i o n  cond i t ions  as well 
as r e a c t a n t s .  A model compound s tudy  coupled with a process  v a r i a b l e  s tudy  i s  i n  
p rogres s  a t  SERI w i t h  t h e  f r e e - j e t ,  molecular beadmass  spectrometer  (FJMBMS) ( 1 3 ) .  

The method of nx,ygen r e j e c t i o n  which CCCES over  t h e  c a t a l y s t  has  a very importan: 
impact on t h e  p o t e n t i a l  y i e l d  of hydrocarbons,  e s p e c i a l l y  for  a feedstock l i k e  
biomass which has  a r e l a t i v e l y  low hydrogen content .  Although t h e  products  formed 
from a few compounds r e a c t e d  wi th  ZSM-5 a r e  known f o r  c e r t a i n  cond i t ions ,  methods t o  
manipulate the  by-product s l a t e  a r e  e s s e n t i a l l y  unexplored. However, t h e  des i r a -  
b i l i t y  t o  r e j e c t  oxygen as carbon oxides  becomes q u i t e  obvious by examining 
p o t e n t i a l  product s l a t e s  which a r e  poss ib l e  from t h e  s to i ch iomet ry  o f  t h e  r e a c t i n g  
primary py ro lys i s  vapor s ,  CHI 200 49.  Based on t h e  assumption of a 70 w t  X,  y i e l d  of 
primary vapors ,  Table 2 shows'tha; o f  t h e  product s l a t e s  considered,  t h e  b e s t  hydro- 
carbon y i e l d s  m u l d  be a t t a i n e d  wi th  oxygen r e j e c t i o n  as carbon d iox ide ,  and the 
excess  hydrogen used to a l s o  r e j e c t  oxygen a s  water.  Note t h a t  t h e  l i q u i d  hydro- 
carbon product assumed corresponds to xylene, C8HI0, r a t h e r  than t o  more hydrogen- 
r i c h  hydrocarbons such a s  o l e f i n s ,  (as w i l l  be  d i scussed ,  t h e  l i q u i d  hydro- 
carbon products  a c t u a l l y  made from these  py ro lys i s  vapors  a r e  aromatic  i n  na tu re ) .  
If carbon monoxide i s  t h e  assumed carbon oxide,  more carbon i s  needed to r e j e c t  t he  
oxygen, which dec reases  t h e  p o t e n t i a l  hydrocarbon y i e l d s ,  as shown by r eac t ion  (2)  
of Table 2-  If t h e  by-product gases  a r e  a mixture of carbon ox ides ,  methane, 
o l e f i n s .  e t c . ,  as shown empi r i ca l ly  i n  r e a c t i o n  (3) as CHo.65Oo.82. then the 
gaso l ine  y i e l d s  would be lowered due t o  t h e  noncondensible hydrocarbons.  Ihe 
formation of pure carbon could s t i l l  r e s u l t  i n  cons ide rab le  gaso l ine  y i e l d s  as shown 
by r e a c t i o n  (4 ) .  However, s i n c e  coke formation i s  t y p i c a l l y  an aromatizat ion 
r e a c t i o n  t o  produce po lycyc l i c  aromatic  hydrocarbons con ta in ing  r e s i d u a l  hydrogen, 
r e a c t i o n  ( 5 )  i s  probably the  more reasonable  coking r e a c t i o n  to expec t ,  which 
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produces water  and coke but no gaso l ine  a t  a l l .  I n  smmary,  t h e  more des i r ed  
r eac t ions  produce carbon oxides  and water as by-products. Undesired r e a c t i o n s  
produce noncondensible hydrocarbons and/or  coke and water. 

WPERIWENTAL 

The primary py ro lys i s  vapors ,  used a s  feedstock,  were produced by f a s t  py ro lys i s  i n  
a vo r t ex  r e a c t o r  from coa r se  softwood sawdust,  a s  d i scussed  i n  r e f e r e n c e  (8). After 
t h e  vapors l e f t  t h e  vo r t ex  r e a c t o r  system, they  were allowed to  coo l  t o  t h e  des i r ed  
c a t a l y t i c  r eac t ion  temperature ,  a s  they passed through a tubu la r  t r a n s f e r  l i n e  t o  
t h e  c a t a l y t i c  reactor .  The t r a n s f e r  l i n e  was loca ted  i n s i d e  of a s e r i e s  of s i x  
tubu la r  furnaces ,  whtch allowed the vapor stream to  e q u i l t b r a t e  t o  t h e  d e s i r e d  
temperature.  The r e s idence  t ime of t h e  vapor in t h e  t r a n s f e r  l i n e  was about one- 
h a l f  second p r i o r  t o  reaching t h e  2.5-m diameter  c a t a l y t i c  r e a c t o r  shown i n  
Figure 1. The c a t a l y t i c  r e a c t o r  had a 30-cmlong f ixed  bed of 100 of ZSM-5 
con ta in ing  c a t a l y s t  (MCSG-2). which was loca ted  i n  t h e  middle of t h e  s i x t h  fu rnace  
sec t ion .  The c a t a l y s t  was i n  t h e  form of 1.4-mm diameter  ex t ruda te  and suppl ied by 
Hobil Research and Development Corp. i n  a coope ra t ive  agreement with t h e  So la r  
Energy Research I n s t i t u t e .  The temperature  of t h e  c a t a l y s t  bed was measured with an 
a x i a l  thermocouple i n s i d e  a 6-mm themowell .  The temperature  p r o f i l e  o f  t h e  bed was 
determined by moving t h e  a x i a l  thermocouple w i t h i n  t h e  themowell .  A s i n t e r e d  
s t a i n l e s s  s t e e l  f i l t e r  r a t e d  a t  5 micrometers was used t o  remove cha r  f i n e s  from t h e  
p y r o l y s i s  vapors. The products  were c o l l e c t e d  i n  water-cooled condensers. The 
p res su re  i n  the  r e a c t o r  was s l i g h t l y  above t h e  l o c a l  a tmospheric  p re s su re  a t  about  
95 kPa. Analysis  of t h e  o rgan ic  condensates was wi th  a 57nicrometer wide bore 
c a p i l l a r y  column having a l e n g t h  of 60 m. The c a p i l l a r y  column was coated wi th  one 
micrometer of cross- l inked methyl s i l i c o n e s .  With helium a s  t h e  c a r r i e r  gas .  t h e  
temperature  p r o f i l e  s t a r t e d  a t  O°C f o r  4 minutes ,  followed by a temperature  ramp of 
8°C/min u n t i l  a temperature  of 26OoC w a s  reached. Detect ion of t h e  e lu t ed  o rgan ic s  
was by flame i o n i z a t i o n  d e t e c t i o n  (FID). I d e n t i f i c a t i o n  of t h e  major peaks was by 
r e fe rence  ma te r i a l s .  whereas t h e  minor peaks were i d e n t i f i e d  by a combination of t he  
FJMBMS a t  SERI and a GC/MS loca ted  i n  t h e  Department of Chemical and P e t r o l e u m  
Refining Engineering of t h e  Colorado School of Mines. The noncondensible gases  were 
analyzed with a Carle  GC designed f o r  r e f i n e r y  gas  a n a l y s i s ,  which used thermal  
conduc t iv i ty  d e t e c t i o n  (TCD) and was c a l i b r a t e d  with a g rav ime t r i ca l ly  prepared 
r e fe rence  mixture. E lec t ron ic  grade methanol (99.9% pure) was used f o r  comparison 
t o  t h e  softwood feedstock.  

FXPERIMEWML RESULTS 

Methanol. To v e r i f y  t h e  a c t i v i t y  of t h e  c a t a l y s t  and to g a i n  experience in t he  
ope ra t ion  of t h e  c a t a l y s t  system, methanol was metered i n t o  a p rehea te r  tube located 
i n s i d e  of t he  t r a n s f e r  l i n e  heated t o  50OoC. This p r e h e a t i n g  proved to .be too 
seve re  and the  products  which emerged from t h e  c a t a l y t i c  r e a c t o r  were dominated by 
hydrogen and carbon monoxide i n  a 2:1 r a t i o ,  as shown in Table 3. lhis would be 
expected from thermal decomposition of t h e  methanol p r i o r  t o  reaching the  
c a t a l y s t .  This experiment was repeated us ing  a p rehea t ing  temperature  ramp t o  j u s t  
r each  400°C a t  t h e  en t r ance  t o  t h e  C a t a l y t i c  reactor .  The c a t a l y t i c  r e a c t o r  was 
held a t  a nominal 400°C p r i o r  t o  t h e  a d d i t i o n  o f  t h e  methanol a t  a space v e l o c i t y  
(CnlSV) of 0.9 g methanol p e r  gram of c a t a l y s t .  ' h e  noncondensible gas  composition 
is shown in Table 3 and was r i c h  in hydrogen and a lkanes  (methane, propane. and 
isobutane). The gaseous o l e f i n s  would be used t o  a k y l a t e  t h e  r e a c t i v e  i sobu tane  t o  
r e s u l t  i n  a highly branched-chain gaso l ine  f r a c t i o n  ( 1 4 ) .  The GC f o r  t he  hydro- 
carbon l i q u i d  i s  shown i n  F igu re  2a; t he  l i q u i d  product contained r e l a t i v e l y  l i t t l e  
alkanes o r  o l e f i n s  and was dominated by methylated benzenes,  such as to luene ,  
xylenes,  and t r ime thy l  benzenes. Re la t ive ly  ve ry  small amounts of naphthalenes were 
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seen. The temperature  p r o f i l e  of t h e  c a t a l y t i c  r e a c t o r  immediately p r i o r  t o  and 
a l s o  during t h i s  experiment i s  shown i n  Figure 3. 'Ihe l o c a t i o n  of t h e  temperature- 
p r o f i l e  maxima was q u i t e  s t a b l e ,  which i n d i c a t e s  t h a t  t h e  c a t a l y s t  was not  s i g n i f i -  
c a n t l y  deac t iva t ing  during t h e  s h o r t  t ime of t h e  experiment.  'Ihis low r a t e  o f  
c a t a l y s t  d e a c t i v a t i o n  is c o n s i s t e n t  w i th  d a t a  publ ished by HDbil personnel (15). 
The r a t i o  of g a s o l i n e  t o  water i n  t h e  condensates  sugges t s  t h a t  t h e  gaso l ine  y i e l d  
was only about one-third of t h e  p o t e n t i a l  due t o  t h e  formation of t h e  noncondensible 
hydrocarbons. l%is product s la te  i s  i n  gene ra l  agreement wi th  d a t a  r epor t ed  by 
Mob11 f o r  t h e  r e a c t i o n  c o n d i t i o n s  (15). 

Primary Pyrolysis Vapors. A f t e r  a c a t a l y s t  r egene ra t ion  c y c l e  t o  remove r e s idue  
from the methanol experiments ,  a s l i p s t r e a m  of t h e  primary py ro lys i s  vapors were 
passed over  t he  ZSM-5 c a t a l y s t  u s ing  steam a s  t h e  c a r r i e r  gas  a t  a weight r a t i o  of 
two p a r t s  of steam t o  one p a r t  of wood feed. 'Ihe py ro lys i s  vapors  were cooled from 
51OoC a t  t h e  e x i t  o f  t h e  v o r t e x  r e a c t o r  t o  4OO0C a t  t h e  en t r ance  o f  t h e  c a t a l y t i c  
reactor .  F igu re  4 shows t h e  temperature  p r o f i l e  immediately p r i o r  t o  feeding the 
biomass, as we l l  as 5-10 minutes l a t e r .  Tne temperature  p r o f i l e  with p y r o l y s i s  
vapors as feed was  not as l a r g e  i n  magnitude as t h a t  seen with methanol and i t  had a 
ve ry  broad maximum. Tne hea t  o f  r e a c t i o n  o f  t h e  p y r o l y s i s  vapors  i s  l e s s  exothermic 
than f o r  methanol and t h e  steam c a r r i e r  gas  a l s o  has a moderating e f f e c t  on the  
temperature rise. The broadness of t h e  temperature  p r o f i l e  r e f l e c t s  t h a t  t h e  
py ro lys i s  vapors a r e  a complex mixture  of compounds, which a r e  probably r eac t ing  a t  
d i f f e r e n t  r a t e s .  ?he broader  and lower temperature  p r o f i l e  would make temperature 
con t ro l  easier i n  a biomass-to-gasoline (BTG) r e a c t o r  t han  i n  a methanol-to-gasoline 
(MTG) r eac to r .  The l o c a t i o n  o f  t h e  temperature  maximum was monitored during t h e  
run. as shown in Figure  5. During t h e  f a i r l y  s h o r t  experiment,  t he  temperature 
maximm was observed t o  move t o  t h e  end of t h e  r e a c t o r ,  i n d i c a t i n g  a f a i r l y  r ap id  
d e a c t i v a t i o n  of t h e  c a t a l y s t  had occurred.  h r i n g  t h i s  time. t h e  composition of t he  
hydrocarbon products  appeared t o  be r e l a t i v e l y  constant .  Tne GC chromatogram of t h e  
l i q u i d  hydrocarbons is  shown i n  Figure 2b f o r  comparison t o  t h e  products  made from 
methanol. As can be seen  by i n s p e c t i o n  of t h e  two gas  chromatograms, t h e  g a s o l i n e  
f r a c t i o n  ( e l u t i n g  be fo re  naphthalene) made from wood i s  very s i m i l a r  t o  t h a t  made 
from methanol. ?he composition of t h e  g a s  formed over  t h e  c a t a l y s t  from t h e  pyroly- 
sis vapors i s  shown i n  Table  3, a s  c a l c u l a t e d  from t r a c e r  gas  concen t r a t ions  before  
and a f t e r  t he  r e a c t o r ,  a long wi th  t h e  g a s  composition formed by t h e  thermal decompo- 
s i t i o n  of t h e  p y r o l y s i s  vapors  as determined p rev ious ly  (16) ;  t h e  c a t a l y t i c a l l y  
formed gases  had s i g n i f i c a n t l y  less hydrogen and methane, bu t  more carbon dioxide 
and propylene than the  thermally formed gases.  In comparing t h e  composition of t he  
gases  formed by t h e  c a t a l y t i c  conversion of t h e  p y r o l y s i s  vapors  t o  t h e  c a t a l y t i c  
conversion of t h e  methanol, t h e  r e l a t i v e  hydrogen r i chness  of t he  methanol becomes 
apparent in t h e  r e l a t i v e l y  h igh  hydrogen, methane, propane, and i sobu tane  y i e lds .  
The r e l a t i v e  hydrogen r i c h n e s s  i s  sunmarlzed by t h e  empi r i ca l  formulas f o r  t he  two 
gas s t reams,  i n  which t h e  hydrogen-to-carbon r a t i o  f o r  t h e  wood-derived gases  i s  
one-fourth t h a t  f o r  t h e  methanol-derived gases .  ' Ihis excess ive  amount of hydrogen 
i n  the methanol-derived gases  sugges t s  t h a t  methanol could be used as a hydrogen 
donor t o  hydrogen-poor f eeds tocks  and t h i s  has  been explored by s e v e r a l  researchers  
(7 .  10-12). The very low y i e l d  of isobutane from pyro lys i s  vapor s  would preclude 
t h e  use of a l k y l a t i o n  t o  i n c o r p o r a t e  t h e  e thy lene ,  propylene, and butenes i n t o  the 
gaso l ine  product w i th  a s t anda lone  process .  Adsorption of t h e  gaseous o l e f i n s  onto 
cold ZSM-5 a t  low p res su res  may be a v i a b l e  method t o  r e c y c l e  them i n t o  the  
c a t a l y t i c  r eac to r .  A comparison o f  Tables 2 and 3 r e v e a l s  t h a t  t h e  empi r i ca l  gas  
composition ca l cu la t ed  t o  have been made c a t a l y t i c a l l y  from t h e  py ro lys i s  vapors 
corresponds t o  r e a c t i o n  ( 3 ) ,  which has  a thermal e f f i c i e n c y  o f  57%. However, t h e  
laydown of coke on t h e  c a t a l y s t  would s e r v e  t o  compete f o r  t he  py ro lys i s  vapor 
feedstock and reduce t h e  g a s o l i n e  y i e l d s  by r e a c t i o n  ( 5 )  as p rev ious ly  discussed.  
The q u a n t i t a t i o n  of t h e  coke is i n  progress .  
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DISCUSSION 

Pyro lys i s  vapors  made by t h e  f a s t  p y r o l y s i s  of softwood a r e  ve ry  r e a c t i v e  wi th  ZSM-5 
c a t a l y s t  to form a l i q u i d  hydrocarbon product ,  which i s  ve ry  similar t o  t h a t  formed 
from methanol. Although t h e  c a t a l y s t  is deac t iva t ed  r e l a t i v e l y  qu ick ly  wi th  
py ro lys i s  vapors compared t o  methanol, o t h e r  experimentat ion we have performed 
i n d i c a t e s  t h a t  t h e  c a t a l y s t  can be o x i d a t i v e l y  regenerated.  This sugges t s  t h a t  a 
c a t a l y t i c  r e a c t o r ,  which can maintain a h igh  l e v e l  of c a t a l y t i c  a c t i v i t y  i n  s p i t e  o f  
high coking r a t e s ,  would be desired.  lh is  problem has been addressed and resolved 
by the p e t r o l e m  r e f i n i n g  indus t ry  which u t i l i z e s  an entrained-bed r e a c t o r  ( r i s e r -  
c r acke r ) ,  t o  crack heavy hydrocarbons t o  g a s o l i n e  and about 5% t o  15% coke, coupled 
with a fluidized-bed o x i d a t i v e  r egene ra to r  f o r  t he  r e l a t i v e l y  slow, c o n t r o l l e d  
ox ida t ive  coke combustion and c a t a l y s t  r egene ra t ion  (17). For t h e  conversion of 
biomass t o  gaso l ine ,  t h e s e  p re l imina ry  d a t a  a r e  q u i t e  encouraging t h a t  a n e a r l y  
d i r e c t  conversion of biomass t o  g a s o l i n e  can be accomplished a t  a tmospheric  
pressures  in one ve ry  r ap id  thermal cyc le  without  t h e  c o s t  of hydrogen manufac- 
t u re .  With t h e  c a l c u l a t e d  thermal e f f i c i e n c i e s .  i t  appears  t h a t  t h e r e  w i l l  be 
s u f f i c i e n t  energy i n  t h e  by-products t o  ope ra t e  the  p rocess ,  even inc lud ing  t h e  
drying of a r a t h e r  wet biomass feedstock p r i o r  t o  pyrolysis .  

The g a s o l i n e  product i s  almost e n t i r e l y  methylated benzenes wi th  on ly  a small  amount 
of benzene. ' h i s  g a s o l i n e  would be expected t o  have octane r a t i n g s  in excess  of 100 
and t o  have blending oc tane  numbers between 115 and 135 based on r epor t ed  blending 
oc tane  va lues  f o r  t h e  va r ious  methylated benzenes (18). Due t o  t h e  expected 
continued demand f o r  unleaded gaso l ine  having higher  octane n m b e r s .  t h e  g a s o l i n e  
made from biomass by t h i s  process  would be expected t o  command premium p r i c e s  i f  
sold t o  a petroleum r e f i n e r y  f o r  blending purposes.  The naph tha len ic  f r a c t i o n  o f  
t h e  o rgan ic  products  could e a s i l y  be hydrocracked t o  inc rease  t h e  g a s o l i n e  y i e l d s  in 
a modem r e f i n e r y  (19). A t  t h i s  t ime,  t h e  pheno l i c  by-products appear  t o  b e  p r e s e n t  
i n  minor amounts and probably w i l l  not warrant  recovery. 

SaMARY 

The conversion of primary py ro lys i s  vapors made from biomass i s  a r e l a t i v e l y  new 
re sea rch  and development a r e a  which I s  showing e a r l y  promise. Ihe e x t e n t  t o  which 
t h e  product s l a t e  can be manipulated by p rocess  v a r i a b l e s  w i l l  impact h e a v i l y  on t h e  
v i a b i l i t y  o f  t h i s  process .  
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Table 1. Beported Distr ibut ion of Oxygen i n  Inorganic By-Products 
with  Various Feedstocks o v e r  ZsK.5 Catalyst  

2 of Oxygen i n  By-products 

Oxygen Radical 
Reference Compound i n  Reactant* H20 co co2 

(8) 100 
(8) 

methanol H, M 
dimethyl e ther  E, M i 00 
guiacol  H. M 96 3 1 (10) 
g l y c e r o l  H 92  7.5 0.5 ( 9 )  
xylenol  H 93 6 1 (10) 
eugenol H, M 89 9 2 (10) 
a n i s o l e  H 88 12 t r  (10)  
2.4 dimethyl H 87 12 1 (1 0) 

o-cresol  H 80 17 3 (10) 
starch H. E 78 20 2 ( 7 )  
isoeugenol  H, H 77 19  4 (1 0) 
glucose C1. H ,  E 75 20 5 ( 6 )  
dimethoxymethane M ,  E 73 6 2 1  (8) 
xylose  C1, H, E 60 35 5 ( 6 )  
sucrose H, E 56 36 8 ( 6 )  
n-butyl formate C2 54 46 0 (8) 
diphenyl e ther  E 46 Ir6 8 (10) 
furfural  C1, E 14-22 75-84 2.5-3.0 ( 6 ,  9 )  
methyl acetate  c 2  54 10 36 ( 1  1) 
a c e t i c  ac id  c2 50 4 46 (1 1) 

-- -- 
-- -- 

phenol 

*H = hydroxy; M = methoxy; E = C-O-C; C1 = carbonyl; C2 = carboxy 

2 - I N C H  'iAPOR CRACKER CATALYTIC REACTOR TUBE 

CATALYST 

AXIAL THERMOCOUPLE 

FIGURE 1, CROSS SECTIONAL VIEW OF THE FIXED-BED CATALYTIC 
REACTOR, 
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FIGURE 2A,  GC OF HYDROCARBON PRODUCTS MADE FROM METHANOL 
AT 4OO0C WITH ZSM-5 CATALYST 
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FIGURE 2B, GC O F  HYDROCARBON PRODUCTS MADE FROM SOFTWOOD 

PRIMARY PYROLYSIS OIL VAPORS AT 4OO0C WITH 
ZSM-5 CATALY ST 
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Table 3 .  Oalculated lblar B n p o s i t i o o s  of Net Product Gases 
(ZSM-5 containing c a t a l y s t  - Mobil's MCSG-2) 

Softwood Pyrolys is  Vapor 
(all .Z00.49) ( CH40) &than01 Feed 

Thermal Catalyt ic  Thermal Catalyt ic  
(Run 55) (Run 7 6 - 0  (Run 74-C)* (Run 75-C) Reactor 

10.6 
59.4 

5.6 
12.2 
0.5 
5.3 
1.1 
1.9 

1.1 

H2 

co2 
Q14 
C2H2 
C2H4 
C2% 

co 

-- ?3H6 
C3H8 
C4H8 
iso-C4H10 
"-'qH1O 

-- 
-- 
2.4 c5+ 

Empirical 
Formula all -3'0.65 

-0.6 
69.8 
15.2 

1.4 

5 .o 
0.3 
6 .O 
0.5 
1.2 
0.2 

-- 

-- 
I 

(HO .65'0 -82 

62 .8 
31.1 

1.4 
2 .I  

1 .6 
0.3 
0 -7 
0.4 

0.1 

-- 

-- 
-- 
-_ 

a3 .6'0.8 

18.4 
4.4 
2.8 

16.2 

5.3 
4.1 
5.3 

17.8 
2.3 

14.4 
5.3 
3.6 

-- 

0 1 2  .7'0.05 

*In t h i s  run. the methanol is thought to have thermally decomposed for the mcst 
part pr ior  t o  reaching the c a t a l y s t .  
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FIGURE 3, TEMPERATURE PROFILE FOR METHANOL REACTANT 
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FIGURE 4, TEMPERATURE PROFILE FOR SOFTWOOD PYROLYSIS 
VAPORS AS THE REACTANTS 
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FIGURE 5, LOCATION OF THE MAXIMUM CATALYST BED TEMPERATURE, 
SHOWING CATALYST DEACTIVATION 
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